Four human-associated bacteria, Pseudomonas aeruginosa, Salmonella newport, Escherichia coli, and Kkebsiella pneumoniae, were tested for survival in five freshwater sediments. Bacterial survival in continuousflow chambers was monitored over 14-day periods on sediments ranging from organically rich high-clay fractions to organically poor sandy fractions. Bacterial die-off ranged from 1 to 5 orders of magnitude in sediments. E. coli survived as long as or longer than S. newport. P. aeruginosa and K. pneumoniae tended to survive longer than E. coli. Survival of E. coli and S. newport was greater in sediments containing at least 25% clay. Good reproducibility allowed the development of linear models to describe die-off rates.
Studies of the survival of fecal coliforms (FC) are numerous (7, 9, 16, 24, 32) . Most investigations have involved either soil or marine environments and have concentrated only on reduction in bacterial numbers over time. Studies in recent years have frequently revealed much higher numbers of indicator and pathogenic bacteria in sediments than in overlying waters. Apparently, higher concentrations of indicator and pathogenic bacteria in the sediments are due to a combination of sedimentation, sorption (which provides protection from bacteriophage and microbial toxicants [30, 31, 38] ), and the phenomenon of extended survival in sediments (13, 15, 35) .
Several studies of enteric survival have been done with sediment systems (5, 13, 15, 21, 25, 31, 35) . It is difficult to translate information on the survival of indicator bacteria in sediments from studies done with soils or water. This problem is a result of the many conflicting conclusions, varied methodologies, and considerable differences between ecosystems. In addition, sediment survival studies have involved the use of static systems, inhibitory recovery media, protective chambers, dialysis bags, sterile sediments, and shaking incubation systems. These experimental design factors reduce the significance of relationships of data to in situ phenomena. The first sediment study by Van Donsel and Geldreich (35) reported a 90% die-off of both FC and Salmonella spp. in 7 days in various sediments. This rate is much lower than die-off in water, which often occurs within 3 days (32) . Also, no studies have been done to compare the survival of FC or pathogens in different types of lake or stream sediments, and few have been done to compare water types (37) . Therefore, effects of environmental parameters are poorly defined. The role of heterotroph starvation in survival in sewage, lake water, and marine environments has been studied (28, 33) .
In most survival studies, Escherichia coli was the only organism tested. The use of E. coli as an indicator of fecal pollution for all ecosystems has been questioned. Some studies have indicated that E. coli dies off faster than Salmonella spp. (10, 19, 34, 36) and therefore is not a suitable indicator for the presence of this pathogen.
The water quality testing criteria in use at present do not take into account sediments as a potential reservoir of pathogens. The higher numbers of pathogens occurring in sediments, along with increasing usage of recreational waters, creates a potential health hazard from resuspension and subsequent ingestion (13, 17, 18, 26 Chamber inoculation. Immediately before inoculation of the test bacteria, all but 2 cm of the overlying water was withdrawn from each test chamber. The washed suspension of bacteria was then added to the chamber at an approximate concentration of 107 to 109 CFU/ml (data presented as CFU per milliliter of sediment) and gently mixed for 10 min to ensure even distribution of the bacteria across the sediment surface. During mixing, approximately 1 to 3 mm of sediment was resuspended in the overlying 2 cm of water.
Replicate cores initially taken showed a relatively homogeneous distribution of inoculum across the sediment surface (coefficient of variation, <25%). At approximately 18 h after the resuspended sediment had settled, the chambers were refilled with water to a depth of 47 cm in a manner minimizing the disturbance of the sediment surface. No bacterial inoculum was added to the water column. A continuous flow of water was initiated, and monitoring of pH, temperature, conductivity, and dissolved oxygen were maintained until the experiment was terminated. At no time during the experiments was it necessary to adjust the pH, temperature, conductivity, or dissolved oxygen concentration, since relatively stable conditions persisted (Table 2) . Sampling procedure. During each sampling period, triplicate sediment cores (depth, 1.7 cm) were removed with a sterile 9-mm diameter glass tube and combined, resulting in a total of 3 ml of wet sediment. Pooled sediment samples were vortexed and serially diluted with phosphate-buffered saline. Sampling of9verlying water was minimized to avoid enumeration of test)pathogens in the water. Owing to the significant dilution of pathogen numbers in the overlying 42.3 liters and flowthrough conditions, the contamination of sediment counts by overlying-water pathogens was minimal. Initial samples for test bacteria in the water column were not collected until the chambers had filled, at approximately 18 h, to negate any dilution which occurred. Appropriate dilutions were placed on spread plates in duplicate on SMA containing 740 ,ug of streptomycin per ml and incubated at 35°C. Tracing the survival of test bacteria in the overlying water was of secondary importance, although it was of interest for comparing die-away events between the water and sediments; however, numbers of total viable bacteria and viable test bacteria in the overlying water were enumerated by plate counts during each sample period. For each experiment, there was a control chamber in which the sediment was examined at each sample period for background levels of naturally occurring streptomycin-resistant bacteria. Streptomycin-resistant test bacteria were checked periodically to ensure the stability of the streptomycin resistance. Viable counts for total bacteria were obtained by plating on SMA and incubation at 25°C for 10 days.
Statistical analysis. Plates containing less than 20 CFU/ml or more than 400 CFU/ml were discarded. Variances between replicates were checked to ensure acceptable levels (coefficient of variation, c25%). To better compare the biological relationships under study, the bivariate relationship of bacterial counts with time was fitted to a leastsquares regression by using 36 combinations of logarithmic and square-root transformations. Statistical comparisons were made by using the paired Student t test or the Spearman rank correlation (ri) at the 95% level (P . 0.05).
Statistical tests on survival models were done with the Statistical Analysis System (SAS, Raleigh, N.C.). Linearized survival slopes were compared by using the analysis of covariance procedure (39) .
RESULTS
The four test bacteria had extended survival in sediments in the laboratory microcosms compared with that in overlying waters. Survival rates varied among test bacteria and among test sediments; however, reproducibility between replicate tests was good. Physical and chemical characteristics of the reconstituted waters and sediments are given in Table 1 to 3. Sediments varied from the high organic matter and high clay content of Lake Lavon to the low (0.7%) organic matter and 98% sand of the Red River ( Table 3 ). The only sediment characteristic for which there was an apparent relationship with bacterial survival was particle size. E. coli and S. newport survived longer (r, = 0.80) in sediments containing at least 25% clay (Lavon, DeGray, and Eagle Lakes; Fig. 1 to 4 ). E. coli, S. newport, and K. pneumoniae exhibited greatest die-off in the sandy Red River test systems (Table 4 ; Fig. 5 ).
Preliminary survival tests with the test bacteria were conducted with sediments which were pretested by autoclaving, dried at 180°C, or sterilized with ethylene oxide. In all tests, we noted initial increases in test bacterium numbers followed by erratic and extended survival, compared with untreated sediment microcosms (data not shown).
Monitoring of the sediment microcosms indicated stable conditions throughout the 2-week test period. Dissolved oxygen, temperature, pH, conductivity, flow rates, and water chemistry were kept at near-constant levels ( Table 2) . Benthic macroinvertebrate activity (from tubifex worms) was observed throughout the tests with DeGray, Eagle, and Lavon Lake sediments. Heterotrophic bacterium levels also remained within an order of magnitude of initial levels in overlying water (data not shown). No background strepto- E, where ln C is the natural logarithm of the initial bacterial density, P3o is the intercept, P, is the die-off slope, T is time, and e is residual error. The model described survival data of the 45 tests very well, with a coefficient of determination greater than 0.82 (Table 4) . Combination of survival data from all sediment tests for each test bacterium produced lower coefficients of determination: E. coli, r2 = 0.58; K. pneumoniae, r2 = 0.66; P. aeruginosa, r2 = 0.74; and S. newport, r2 = 0.48. Survival slopes were compared by analysis of covariance (39) . This method, which tends to be robust, did not show statistically significant differences among any of the 45 slopes. Each of the analyzed slopes comprised 9 to 10 datum points.
DISCUSSION
This study showed extended survival of enteric bacteria in freshwater sediments. These results support the findings of other studies indicating levels of FC and pathogens manyfold higher in the sediments than in overlying water (14, 17, 18, 20, 24, 26, 29, 35 ; S. A. Winslow, M. S. thesis, University of Arizona, Tucson, 1976). Van Donsel and Geldreich (35) sampled various streams and lakes and found 100-to 1,000-fold more FC in the sediments than in overlying waters. Similar ratios of FC in sediment and water were found in the Mississippi River (18) . The present study shows that these reported higher densities are due, in part, to greater survival in sediments than in overlying waters and supports the work of others (5, 21, 25, 35) . At initial concentrations of 108 viable cells per ml, such as are found in feces, these pathogens could survive in sediments for months, which is in contrast to a faster die-off in waters. A Salmonella die-off of 99% between 6 h and 3 days in water has been reported (32) .
The use of resistance-labeled bacteria for ecosystem analysis is well documented (6, 27, 33, 34) . This method allows direct contact and interaction of the test organism with its natural environment with subsequent easy recovery. Other approaches, such as the use of dialysis sacs and membrane chambers, impede transport of organic and inorganic complexes and protect the test organisms from factors such as protozoan predation and benthic grazing. The bacteria used in these studies exhibited no detectable spontaneous reversion to nonresistant forms. Recovery of test bacteria on SMA with and without streptomycin showed no difference in numbers over time. This is noteworthy in light of the numerous studies that have revealed the large percentage of bacteria which become physiologically injured in aquatic systems and are not recoverable on selective media. Bissonnette et al. (3) found that a significant proportion of E. coli cells lose their ability to produce colonies on selective media, yet are recoverable on nutritionally rich nonselective medium. The recovery procedure used in this microcosm study apparently was sufficient for recovery of stressed test bacteria while inhibiting the growth of indigenous microflora.
Although testing in situ usually yields more environmentally relevant results than typical laboratory studies, this flowthrough microcosm system yielded reproducible results, which eliminates design weaknesses of earlier survival studies. This was in part evidenced by stable heterotrophic plate count numbers throughout the tests and by similarity between replicate survival tests. The initial inoculum density (approximately 107 to 109 CFU/ml) is higher than that found in natural waters; however, similar levels of E. coli and K. pneumoniae organisms may occur per gram of human feces (11) . Studies of Vibrio cholerae showed no difference between survival rates at high and low inoculum densities (21) . Thus, the test system mimicked a heavily contaminated freshwater body with a turnover rate of 7.3 days.
Few studies of bacterial survival in aquatic ecosystems have correlated survival rates with environmental parameters (9, 24) . Survival of bacteria in water is affected by numerous interacting factors including protozoa, antibiosis, organic matter, algal toxins, dissolved nutrients, heavy metals, temperature, and the physicochemical nature of the aquatic environment (9) . In a marine study, LaBelle et al. (24) measured 12 environmental variables, none of which could be correlated to numbers of indicator bacteria numbers in the sediments. Gerba and McLeod (13) attributed the longer survival of E. coli in estuarine sediments to the greater content of organic matter present in the sediment than seawater. Grimes (18) suggested that higherFC numbers occur in silty clay sediments than sandy sediments as a result of surface area or particle charge differences; however, results failed to show particle size effects. Chan et al. (5) found extended Enterobacter aerogenes survival in nutrient-rich, fine-grained sediments. Our studies showed greater survival of E. coli and S. newport in sediments of higher clay content. This may be due to higher concentrations of organic matter and nutrients; however, survival in the Waterways Experiment Station system (a flooded soil), which contained high organic matter and nutrients, was similar to that in the sandy Red River system, which was low in organic matter. Inability to correlate survival with the total organic matter measure is not surprising, considering the varying nature of the organic matter and the multitude of environmental factors which affect survival.
This study has shown E. coli to be an adequate indicator of S. newport in various freshwater sediments and supports many investigations on Salmonella spp. and E. coli survival in water and soil ecosystems (1, 2, 12, 22, 32) . Although rates vary greatly among soil, water, and sediment media, E. coli has usually been observed to survive as long as or longer than Salmonella spp., thus fulfilling an essential requirement for an indicator of pathogenic bacteria. However, some studies, particularly those conducted with soils, have shown Salmonella spp. to survive longer than E. coli (19, 34) . Salmonella spp. have also been shown to persist longer than E. coli in water (10, 19, 36) . The inconsistency of these findings with those of the majority of studies, which showed greater persistence of the indicator, may be attributed to varied strain characteristics, different methodologies, and unknown environmental variables. Although our study of freshwater sediments is unique, the results suggest that in various sediment types, survival of enteric bacterial species does not show the great differences observed in soil tests by other investigators. The greatest difference, in our tests, occurred with the consistently longer survival of P. aeruginosa and K. pneumoniae than of E. coli and S. newport.
Extended survival of pseudomonads in water (23) and sewage has been observed (33) . The longer survival of different species suggests underlying physiological characteristics, as reported in other studies (23, 28, 33) . In water, enteric bacteria appear to be unable to adequately compete with natural microflora for low concentrations of nutrients (33) . This inability to compete, plus antagonistic factors, result in a faster die-off than for indigenous strains and is probably a factor in sediments.
The lack of variation in survival between replicate tests permits the estimation of die-off rates for test bacteria. Although statistically significant differences did not exist among survival slopes in most cases, constant trends were observed, i.e., P. aeruginosa and K. pneumoniae survived longer thanE. coli and S. newport. The inability to detect significant differences is most probably due to the robust nature of the analysis of covariance and an inadequate number of datum points. Theoretical calculations of bacterial densities that involve the use of the survival models show that significant differences will exist between the test bacteria with increasing time.
Adsorption, sedimentation, and extended survival can contribute to increased levels of enteric bacteria in sediments, creating a potential health hazard. Indicator and pathogenic bacteria and viruses occur at the highest concentrations in the upper layers of sediment, which may be resuspended by turbulence (17, 18, 26 ; W. F. Horak, M. S. thesis, University of Arizona, Tucson, 1974) . This study suggests that the sediment reservoir allows enteric and pathogenic bacteria to survive, possibly for several months; thus, resuspension and human ingestion in primary-contact waters is a real possibility. Resuspension of bacteria may account, in part, for the erratic FC levels often encountered in water monitoring programs, since grab samples of water would give only an immediate picture of bacterial levels. State bacteriological standards and monitoring procedures currently fail to address these problems. A more meaningful and accurate indication of water-quality conditions would be obtained by also monitoring indicator bacteria and virus levels in surface sediments.
